We have obtained and analyzed narrow (CN and continuum) and broadband (B, V, R) CCD images and long-slit spectra of the coma of Comet C/Tabur (1996 Q1), which is a fragment of a split comet together with C/Liller (1988 A1). The observations were taken on Sept. 12-17, 1996, before its first perihelion passage. A detailed structural analysis of the CN images revealed the presence of a double jet structure, shells, and a higher emission on the dayside of the comet that can be attributed to an active area. All of these structures in CN have no counterparts on the dust. The broadband images showed the same double jet structure with an overimposed dust tail. The CN and C 2 production rates, as well as the dust production rate deduced from the customary A f ρ, show a steady increase during the five days the comet was monitored, reaching a maximum on Sept. 14. The surface brightness profiles of the continuum, either from the images or from the long-slit spectra, show a very steep gradient (1.67 ≤ m ≤ 2.25) at projected radial distances (ρ) shorter than 3200 km in the Sun direction, whereas at ρ > 3200 km all continuum profiles can be well fitted with m ≈ 1 in log B − log ρ representation. The shape of the brightness profiles follows the same pattern during five consecutive days, unlike the flux, which differs from Sept. 13 to 14 and from Sept. 14 to 16. Further analysis of the reflectivity variations proves that the reflectance of the dust behaves differently in the Sun and in the tail directions. The continuum light scattered from the dust in the coma of Comet Tabur is bluest at ρ ∼ 1800 km east photocenter (i.e., Sun direction), whereas westward the reflectivity of the dust can be regarded as constant at every ρ. 
INTRODUCTION
Comet C/1996 Q1 (Tabur) was discovered on August 19, 1996 by Vello Tabur, when it was at 1.5 AU from the Sun and 1.3 Au from the Earth (Tabur et al. 1996) . The orbital elements (Ticha et al. 1996) resemble very much those of Comet C/1988 A1 (Liller) (Jahn et al. 1996) . The differences in the angular elements are less than 0
• .11, the difference in q is 0.002 AU (less than 1% of its mean value), and the difference in e is 0.003 (Kawakita et al. 1997) . Hence, these two comets seem to have been produced by cometary splitting from the same comet. The splitting probably occured close to the preceding perihelion passage, despite the actual separation of 9 years (Jahn et al. 1996) . After its discovery, the comet displayed a normal behavior with an increasing visual magnitude when approaching perihelion. Its brightness reached an estimated maximum of 5.2 mag at the beginning of October, fading rapidly (total magnitude of ∼9 only two weeks later (IAUC 6499) when approaching perihelion on November 3). In December the comet was virtually lost (Marsden 1996) . These terminal changes experienced by the dissipating comets bear a strong resemblance to the physical behavior of secondary nuclei of split comets (Sekanina 1997) . The term of dissipating comets was introduced by Sekanina (1997) to describe a group of comets observed to undergo rapid physical changes. A fading sets in suddenly and the central condensation disappears usually in a matter of days. Interestingly, the comet is sometimes survived by a dust tail, the signature of a flare-up that had preceded the fading but for whatever reasons remained unobserved. In fact, this interesting feature has been also observed to occur in Tabur (Fulle et al. 1997 ). On Sept. 19 and 20, long-slit spectra were taken by Turner and Smith (1999) . These author concluded that the gas composition for Comet Tabur can be considered identical with that measured by A' Hearn et al. (1995) for Comet Liller. Moreover, analysis of the continuum data indicated different dust color in sunward and antisunward direction. Jockers et al. (1999) simultaneously observed H 2 O + and CO + 2 emission on October 6, 1996. The water production rate deduced by these authors is 3.2 × 10 28 s −1 . During the first half of October, Womack et al. (1996) , from radio observations with the NRAO's 12-m telescope at Kitt Peak, deduced a HCN production rate of 2.5 × 10 25 s −1 , at 1 AU. Dennerl et al. (1997) detected X-rays emission from the comet in observations obtained with the ROSAT high-resolution imager. Infrared observations obtained by Harker et al. (1999) on Oct. 8-10, 1996 reveal a very weak silicate feature at ∼10 µm, suggesting that Comet Tabur most likely contains large grains of radii a ≈ 1-3 µm or that silicate grains were underabundant.
In this paper, we discuss that analysis of a set of CCD images and long-slit spectra of Comet Tabur taken in mid-September 1996. The morphological analysis has been carried out from the images, whereas the gas (CN and C 2 ) and brightness profiles are retrieved from the spectra. Estimates of the dust production are computed, as usual, by means of the quantity A(θ) fρ.
OBSERVATIONS AND BASIC DATA REDUCTION

Imaging Photometry
Comet C/1996 Q1 (Tabur) was observed at the European Southern Observatory, La Silla, Chile, preperihelion between September 12th and 17th, 1996. We used the EFOSC2 instrument mounted on the 2.2-m MPI/ESO telescope (1600 × 1600 pixels, pixel size 0 .267, FOV 7 × 7 ).
The comet was imaged with Bessel broadband filters (B, V, R) and with two narrowband interference filters. One covering the CN band at 3870Å and the other with a bandpass around 4475Å, a spectral region known to be nearly free of cometary emission (see Table I ). Appropriate bias and flat field frames were taken each night. To render the absolute calibration of the narrow band filter images, several spectrophotometric standard stars were measured in these filters at different air masses. From these data, we were able to determine the air-mass coefficient, k λ , for these filters. As a cross check we determined k λ independently by convolving the standard extinction curve. These (Table I) curves. By relating the flux values from the tabulated standard star spectra convolved with the appropriate filter curve to the measured count rate, we were able to determine a count rate to flux conversion factor for each filter (see Table I ). So, after bias subtraction, flatfield correction and extinction correction, we obtained flux calibrated images in units of watts per square meter per pixel.
Since the comet fills the field of view in all images, the contribution of the sky to each image had to be estimated by extrapolation. In the case of the continuum images, this was done by calculating a least-squares polynomial fit in ρ −n to azimuthally averaged radial profiles and assuming the value of the polynomial at ρ → ∞ to represent the sky. In the emission band filter (CN), the sky was approximated on the basis of the values measured in the outermost parts of the CCD frames and the percentage of the contribution of the sky to the image values as determined for the continua. The contribution of the sky to the CN image fluxes turned out to be up to ∼40% in the outer parts of the image (images and spectra were taken almost at dawn, see Tables II and III) . Below 10,000 km projected distance from the nucleus, the sky contribution was only a few percent of the total intensity. In order to remove the continuum underlying the CN emission in the CN images we estimated the ratio between the continuum flux in the continuum filter and that in the CN filter by fitting a reddened spectrum of the solar analog HR 5459 as tabulated by Kiehling (1987) to the cometary spectra. Assuming the fitted solar analog spectrum to be representative of the amount of continuum radiation, we determined the continuum flux ratios of the filters by computing the flux in each filter by integrating over this spectrum convolved with the appropriate filter curve. Application of the determined flux ratios to the continuum image gives an estimate of the 2D continuum flux in the CN image and equal to 0.434 ± 0.007, which may thus be removed from these images.
Long-Slit Spectrophotometry
Spectrophotometric observations were also taken with a grating of 100 lines per millimeter, a slit width and length of 2 and 5 .7, respectively. This resulted in an observable spectral range between 3200 and 10,200Å with a wavelength scale of 4.7Å
FIG. 1.
Comparison between the CN profiles (top) and the continuum profiles (bottom) in Sun and tail directions on two different dates. In both cases, the dots represent the profiles derived from the spectra convolved with the CN and continuum filter curves, whereas the crosses represent those obtained from the images performing a Sun-tail cut by means of an imaginary slit of 2 width.
per pixel and a spatial scale of 0 .262 per pixel. The slit of the spectrograph was orientated east-west, leading to spatial profiles that lay approximately parallel to the Sun-comet line projected on the plane of the sky (position angle of the Sun (PA) ≈87
• ). For absolute calibration, we obtained observations of the spectrophotometric standard star Feige 110 = EG 158 (V = 11 m 50). The spectra were reduced using the ESO-MIDAS standard reduction context long for long-slit spectra. The spectra were bias subtracted, flatfielded, wavelength calibrated (using He-Ar reference spectra), extinction corrected (using the standard extinction curve for La Silla), and finally flux calibrated. As with the images, the cometary emission filled the entire slit and the sky flux had to be determined as a certain percentage of the sky retrieved from the edges of the frames, which still contained some cometary emission, mainly CN.
To cross-check the accuracy of the reduction and absolute calibration of the spectra and the images, and to better assess the error bars in our final results, we compared the CN and continuum Sun-tailward profiles of the images with those retrieved from the spectra convolved with the filter curves of the CN and continuum. The results are exemplified in Fig. 1 for Sept. 13 and 14, 1996 . Both the absolute values and the shape of the profiles are in good agreement up to a coma radius of ∼16,000 km (log ρ ∼ 4.2). At larger radii they show some differences that are due to the uncertainty introduced by the sky subtraction in the spectra and in the images.
Unfortunately, the slit was not well centered on the nucleus for the spectra taken on Sept. 12 and 15. Hence, the profiles derived from the images and the spectra look very different (too flat in the case of the spectra). We thus must discard the spectroscopic data acquired during those two nights. Because of the strong resemblance between the profiles obtained from the spectra and the images (see Fig. 1 ) we can use the images for the quantitative analysis of the CN (and dust) profiles. Therefore, for Sept. 12 and 15, we considered the CN images, whereas for Sept. 13, 14, and 16 we used the spectra. In this way, we have been able to perform a complete study of the CN production rate for the five consecutive days the comet was observed. Since our filter did not exactly cover the CN emission band, the energy flux (erg cm −2 s −1 ) obtained from the images must be corrected (increased) by a certain factor. This factor (∼2.2) was easily computed by comparison of the Sun-tail profiles derived from the spectra and from the images on the three dates where the slit was exactly centered on the nucleus (Sept. 13, 14, and 16).
DATA ANALYSIS
2D Morphology
We have investigated the general spatial distribution of particles in the coma of Comet Tabur in the CN, as well as in the continuum images. In CN, the coma is highly asymmetric on every date, showing a north-south elongation. The continuum images (Filter ESO510, centered at 4475Å) show an ordinary dust coma with an already developed dust tail, but no further asymmetries. The broadband images (V, B, R) present a clear dust tail, with a superimposed asymmetry along the north-south direction. As an example, Fig. 2 contains CN, continuum, B, V, and R bias and flat field corrected images for Sept. 12 in a logarithmic look-up table.
The analysis of the existing asymmetries was carried out on the fully reduced images. Three image processing techniques were used to search for distinct features.
1. To enhance deviations from circular symmetry in the coma, each image was divided by its two-dimensional mean radial profile. For this, a one-dimensional mean radial profile was constructed by averaging around the nucleus over the azimuth and expanded in the y direction (azimuth) to give a two-dimensional profile in polar coordinates. Then, the original image was transformed into polar coordinates and divided by its twodimensional mean radial profile (in polar coordinates). After retransformation into Cartesian coordinates, all deviations from circular symmetry (jet structures in CN images and the dust tail in the continuum images) become visible (Fig. 3) .
2. Another method used to search for structures mainly due to temporal changes was the division of the original images by a smooth two-dimensional intensity profile that was constructed by averaging over several consecutive images (i.e., images taken from Sept. 12 to Sept. 17). The different scales of the images due to the varying comet-Earth distance can be neglected since the difference between the pixel scale at the comet distance from Sept. 12 to Sept. 17 is only 0 .035 (see Table II ), much lower than pixel size, 0 .262, and the seeing (≤1 ). The division of the original image by this time-averaged image produces the sequence of frames shown in Fig. 4 , after applying a Gaussian filtering in a 5 × 5 pixel boxcar.
For details on these (1. and 2.) enhancement techniques see Schulz (1991) .
3. To search for differences between the sunward and tailward hemispheres, we have simply divided both hemispheres by each other. As the position angle of the Sun is 87
• , north-south almost lies perpendicular to Sun-tail direction. Thus, a quotient of the Sun and tail hemispheres enhances the differences between both hemispheres, while canceling out the jet structure in CN, which lies almost symmetrical in the north-south direction. The results for the six days are shown in Fig. 5 . Unfortunately, this technique does not work for the continuum images because here the dust tail highly dominates the images. A possibly present Sun-tail asymmetry in the dust coma is therefore not detectable by this technique. This issue can only be answered by analyzing the dust brightness profiles obtained either from the spectroscopic observations or from the images.
We have also applied the enhancement methods to the images taken with the broadband Bessel filters. The B and V filters (central wavelength at 4332 and 5442Å and FWHM = 1020 and 1170Å, respectively) contain, in addition to continuum, several gas emission bands, in particular C 2 emissions. The structural
FIG. 3.
Evolution of the CN jet structure between Sept. 12 and Sept. 16. A double jet pointing in the north-south direction is cleary visible in the CN. Equally processed continuum images of Sept. 13 and Sept. 15 are also displayed for comparison. They do not show any jets; the structure in the continuum images is due to the dust tail. The radial scales are 122,000, 118,000, 114,000, 111,000 and 108,000 km for Sept. 12 to Sept. 16, respectively.
FIG. 4.
Series of images created to enhance the CN shell structures. Each frame is computed by the quotient of the original images and a smooth twodimensional intensity profile that was constructed by averaging over several consecutive images. The different scales of the images due to the varying comet-Earth distance has been neglected. A Gaussian filtering in a 5 × 5 pixel boxcar has been applied. The image scales are as follows: Sept. 12, 193,430 km × 231,230 km; Sept. 13, 187,860 km × 224,580 km; Sept. 14, 182,540 km × 218,210 km; Sept. 15, 176,970 km × 211,560 km; Sept. 16, 171,400 km × 204,900 km. A small outburst on Sept. 14 may be responsible for the shell present on that day. It spans from 27,000 to 56,000 km, indicating that the shell was formed 7.5 h before the comet was observed and the enhanced CN production lasted on the order of 8 h.
FIG. 5.
Evolution of the CN emission toward the Sun from Sept. 12 to Sept. 17. These enhanced images have been obtained by the division of the sunward by the tailward hemisphere. The scale of the images is as follows: Sept. 12, 99,000 km × 212,000 km; Sept. 13, 96,000 km × 206,000 km; Sept. 14, 93,000 km × 200,000 km; Sept. 15, 76,500 km × 174,000 km; Sept. 16, 74,000 km × 169,000 km; Sept. 17, 85,000 km × 170,000 km. The increased CN emission is located relatively far from the nucleus, at projected radial distances between 14,000 and 66,000 km. The frame corresponding to Sept. 17 is only shown for completeness, since the original image has a very low signal-to-noise ratio.
enhancement reveals the presence of a double jet structure and the dust tail in these broadband filter observations. Unfortunately, no images with C 2 narrowband filters are available, and therefore, we cannot say whether the structures in the B and V images are due to C 2 ; however, we consider it likely. Moreover, the enhancement techniques applied to the images taken with the R broadband filter (central wavelength at 6481Å, and FWHM = 1645Å) plainly reveal the dust tail, whereas the double jet structure is barely visible.
Spatial Profiles
The spectra taken on Sept. 13, 14, and 16 were used to investigate the CN, C 2 , and continuum profiles in the Sun and tail directions. The slit was oriented east-west, ≈Sun-tail, for the spectrophotometric observations. As an example, Fig. 6 shows the total flux calibrated spectrum obtained on Sept. 13 integrated along the spatial axis. The spectral regions are specified in Table IV . For the subtraction of the underlying continuum in the gas emission bands, we have measured the continuum bordering each emission band (see Table IV ) and approximated the continuum contribution to the band by interpolating the left-and right-hand continua.
The conversion of the emission band fluxes into column densities was done with a constant g factor for C 2 (A'Hearn et al. 1985) and g factors for CN that were calculated for the heliocentric distances and heliocentric velocities of Comet Tabur on September 12-16, 1996, from the set of values given by Schleicher (1983) .
Because of the misplacement of the slit for Sept. 12 and 15, we took the images of those dates for our CN analysis. Spatial profiles reflecting those of the spectrophotometric observations were constructed from east-west cuts (∼2 slit width) through the images. Thus, the CN production rates could be derived for all 5 days the comet was observed, whereas C 2 data are missing for Sept. 12 and 15 (no C 2 images were taken on any date).
To complement the information derived from the spectrophotometric observations, we also constructed east-west and northsouth cuts (∼2 slit width) through the CN and continuum images, which represent the direction in Sun-tail and that perpendicular to it.
Two different continuum regions that are known to represent relative clean continuum (see Table IV and Schulz et al. 1994) were extracted from the spectra. The flux calibrated continuum profiles were multiplied by 2π 2 and r 2 H and normalized to a unit area of 1 km 2 at the position of the comet. This leads to a surface brightness in units of energy per second per square kilometer per angstrom (erg s −1 km −2Å−1 ), which is independent of the geocentric distance as well as of the size of the aperture and normalized to the solar flux at r H = 1 AU. It, therefore, allows a direct comparison of the day-to-day variations in the continuum profiles. Figure 3 shows the results of applying the search for jet structures in the CN and the continuum images. The CN images of Sept. 12 to Sept. 16 display a double jet pointing in north-south directions, as projected onto the plane of the sky. The double jet does not significantly change its appearance during the five nights of observations. It seems to be always connected to the nucleus. Assuming that the jet is produced by an active area on a rotating nucleus, this indicates a polar location of this area (permanent illumination from the Sun), a rotation period that is either considerably long (>5 days) or an integer divisor of 24 h as Turner and Smith (1999) already noted.
RESULTS
Coma Morphology
Figure 3 also shows jet-enhanced continuum images of two representative dates. The only feature that could be enhanced is the dust tail. A close look at the jet-enhanced CN images shown in Fig. 3 reveals a slight increase in the emission on the dayside of the comet on Sept. 14. This additional asymmetry, clearly seen in Fig. 5 for the mentioned date, is present during all our observational runs when other enhancement techniques are applied. The dayside of the comet is continuously more active, and the nonuniform sublimation of the icy material is well noted.
The variability of the comet is confirmed by the presence of either forming or evolving shell structures. These structures are clearly present on Sept. 14 and 15. From the quotient of Sept. 14 and the time-averaged image, one shell is stressed, expanding from 27,000 to 56,000 km projected radial distance. Assuming a typical v CN = 1 km s −1 , particles populating this region were ejected ∼7.5 h before the comet was imaged. The width of the shell is determined by how long this area was active and by the ejection speed of CN, resulting in approximately less than 8 h. The next frame in Fig. 4 displays two shells in different evolution states. The outer one represents the geometrical dilution of the shell previously described, while a fainter one is formed very close to the nucleus at ∼5800 km projected radial distance. The increased activity giving rise to this inner shell lasted about 3 h and it started ∼4 h before the image was taken.
Gas Profiles
The CN and C 2 spatial profiles in Sun-tail direction are presented in Figs. 7 and 8 together with the theoretical profiles better resembling those observed. The observational profiles could not be adequately reproduced under the assumption of a constant Table V. CN production with "realistic" CN lifetimes (i.e., from 200,000 to 400,000 s). A steady-state model required very low CN lifetime (100,000 s) to account for the steepness of the observed profiles at ρ ≥ 20,000 km. Using τ d in accordance with modern determinations, it appears necessary to increase the gas production rate with time in the vectorial model as a step-like function to increase the CN (and C 2 ) abundance in the inner coma profile. The method for simulating this sudden increase in the production rate in the vectorial model is described in detail by Festou et al. (1990) .
In order to limit the number of free parameters that must be constrained in the modeling we fixed as many as possible. The CN parent velocity is given by the expression v p = 0.85 × r −0.5 h km s −1 , while v d is held constant and equal to 1.19 km s −1 . Lifetimes are τ p = 28,500 s and τ d = 400,000 s (Schulz et al. 1994) for the CN parent and the CN itself. For C 2 , we adopted v p,d = 1 km s −1 and τ p = 40,000 s, τ d = 65,000 s. (All lifetimes are at r h = 1 AU with an assumed r 2 h variation). Therefore, the only adjustable parameter is the gas production rate (see Table V ). In the case of C 2 , only three spectroscopic observations could be used for our analysis. The profiles for Sept. 13, 14, and 16 are also reasonably well reproduced with "time-dependent" production rates (Table V) . Since the step-function change in the production rate is merely for computational ease, this result can be interpreted as rapid (and periodical) increase of the CN and C 2 production rates.
Previous gas production rates for Comet Tabur were derived by means of the Haser model (parameters listed in A' Hearn et al. 1995) . In order to consistently compare our results with those previous published, we have also computed Q CN and Q C 2 , by means of that formalism and the results are listed in Table VI. The CN emission is clearly enhanced in the cones defined by the double jet. Performing north-south cuts on the images, we have retrieved the radial profiles of the column densities shown in Fig. 9 . The displayed profiles are already increased by a factor of ∼2.2 to correct for the incomplete coverage of the CN band by the filter. Quotient of the north-south profiles and the Suntail profiles indicates the CN column density is higher along the north-south direction by ∼11-19%, which is also reflected in Q(CN) and Q(C 2 ) (see Table VI ). 
Dust
Estimates of the production of the dust in comets are usually made by means of the parameter A(θ) fρ (A'Hearn et al. 1984) . A(θ ) is the Bond albedo for the particular scattering angle, θ, of the observations, f is the filling factor of the grains in the field of view (number of grains per unit area times their mean cross section divided by the area of the field of view), and ρ is the the radius of the assumed circular field of view. The expression to compute the equivalent radius of a rectangular aperture (as used in our observations) is taken from Roettger (1991) , yielding 4 .35. From the flux in the continuum (5200-5250Å), we have calculated A(θ ) fρ and log(Q(C 2 )/A fρ), as indicative of the gas or dust enrichment of Comet Tabur, for Sept. 13, 14, and 16. The results are given in Table VII . If CN is produced in constant proportion to OH (Schleicher et al. 1987) , the Q(CN)/A fρ quantity is proportional to Q(OH)/ A fρ and therefore, the gas-to-dust mass ratio can be determined. Since the long-slit spectra do not cover the OH emission in the UV, we have used the CN observations and the mean ratio of OH to CN, log(Q(OH)/Q(CN)) = 2.5 (A' Hearn et al. 1995) , to derive the OH production rate (typical values for log (Q(OH)/Q(CN) range from 2.83 to 2.17, which implies that the OH derived from this expression can reasonably be as much as two times smaller or larger than the actual value). In line with A' Hearn et al. (1995) , the gas-to-dust mass ratio can be evaluated by log
According to this expression and using the Q CN obtained with the Haser model (see Table VI ), we computed a gas-to-dust mass ratio of ∼4.3 at r H = 1.2 AU (with an error of a factor of ∼2, introduced by the approximate Q OH ). If we arbitrarily assume that the H 2 O and dust production rates did not change from Sept. 12 to Sept. 20, we can derive the gas-to-dust mass ratio by using the Q(OH) listed by Turner and Smith (1999) Table 5 and A fρ in our Table VII . In this case, the gas-to-dust mass ratio is reduced to 0.09 at r H = 1.2 AU. However, Turner and Smith (1999) noted that if the OH production rate measured by J. Crovisier a few weeks later (first half of October) (Fulle et al. 1998 ) is substituted for the one they derived, the log( Figure 10 shows the brightness profiles derived from the long-slit spectra for the two different spectral regions listed in Table IV . The profiles derived from the continuum images are Table VIII. represented in Figs. 11 and 12 . The east-west (Sun-tail) cuts through the continuum images (Fig. 11 ) exhibit the same shape as those in Fig. 10 , whereas the north-south profiles (perpendicular to the Sun-tail direction) show a normal radially expanding dust coma (Fig. 12) . Even if the six innermost points of the spatial profiles (≈1 .6 reflecting the seeing and the uncertainty due to the tracking of this fast comet) are discarded, it is obvious that the profiles fall off differently in the Sun direction than in any of the other directions, regardless the wavelength.
in their
Except for the profiles in the sunward direction at log ρ ≤ 3.5, or ρ ≤ 3200 km, all continuum profiles, whether derived from the spectra or from the images, can be well fitted with a ρ −m law with 0.6 < m < 1.3 (see Figs. 10, 11, and 12 and Table VIII for some examples). The slopes lie between 0.75 and 1.26, which is roughly consistent with a ρ −1 law for the decrease of the profiles as a function of the nuclear distance, ρ. The effect of radiation pressure is clearly visible in the tailward profiles, leading to slopes that are always somewhat higher than 1. This is consistent with a steady-state coma for a constant dust production rate and long-lived grains expanding radially outward, where the spatial number density should decrease as r −2 , r being the nucleocentric distance. Consequently, the projected surface brightness would decrease as ρ −1 . However, for the sunward profiles, the ρ −m law, with m ≈ 1, applies only at ρ ≥ 3200 km. A linear fit to the region log ρ ≤ 3.5 (ρ ≤ 3200 km) requires slopes where m ranges from 1.66 to 2.25 (see Table VIII ). Although geometrical dilution cannot explain the shape of the sunward profiles, the dynamical evolution as determined by gas drag and radiation pressure leads to the well-known spatial segregation of the coma grains. In the frame of Mie scattering, this spatial segregation renders very steep brightness profiles at wavelengths similar to the size of the grains. The analysis of brightness profiles in different continuum bands (3630-3670, 4390-4500, 5220-5300, 5800-5845, 6800-6900Å) indicates that the steeper profiles are present at long and not at short wavelength. The observed steep surface-brightness profiles in Comet Tabur may be caused by either (i) the continuous destruction (by sublimation or fragmentation, or both) of the particles evaporating in Sun direction or (ii) an overabundance of unusually small grains with sizes in the range of the scattered visible light. The first hypothesis would lead to changes in the albedo and/or effective cross section of the grains, whereas the second might render the atypical values for m to the log B-log ρ linear fits. Both hypotheses also affect the reflectivity (i.e., color) of the cometary dust, by either modifying it vs projected radial distances or presenting an abnormal blue reflectivity in the region where small grains are confined.
FIG. 11.
Continuum brightness profiles obtained from the images in the east-west direction, i.e., ≈Sun-comet line. All of the profiles are adequately fitted with slopes listed in Table VIII . The standard error of the fits is always lower than 0.04. a Linear fit for the region 2.9 ≤ log ρ ≤ 3.5 (i.e., 800 ≤ ρ ≤ 3200 km). Standard error of the fits is always lower than 0.07. b Linear fit for the region log ρ > 3.5 (i.e., ρ > 3200 km). Standard error of the fits is always lower than 0.04. The comet was only imaged in one continuum filter, so the dust color cannot be determined from the images. However, the long-slit spectra cover a wide wavelength range and they contain spatial information in Sun-tail direction. The bandpass representing continuum emissions are 4390-4500, 5220-5300, 5800-5845, and 6380-6450Å, where (i) we have avoided the blue end of the spectra since they were taken at dawn and the approximate sky subtraction might introduce unrealistic values for the normalized reflectivity, and (ii) we have considered continuum bands in approximately the same spectral region where differences in sky "color" are not dramatically high. The optical spectra of Sept. 13 and 16 were used to compute the reflectivity, S(λ) = F λ /F λ (Sun), of cometary dust as a function of ρ.
Normalized reflectivity provides a convenient measure of the grain color, and S is sometimes referred as the "continuum color." Considering reflectivities at two different wavelengths, the normalized reflectivity is computed by
whereλ 1,2 represents different combinations of the continuum bandpasses listed above with λ 2 > λ 1 . The largest uncertainty when computing the reflectivity of the dust comes from the determination of the comet nucleus position at different continuum bandpasses (the spectra are not aligned in the dispersion direction, i.e., wavelength). The position of the peak intensity for continuum bands and emission lines differs by 2 to 4 pixels, depending on the wavelength ranges we compare. The position of the optocenter (representing the pixel that presumably contains the nucleus) is determined by fitting a FIG. 13. Reflectivity slope of the dust coma for Sept. 13 and 16 as a function of projected radial distance. Crosses represent the normalized reflectivity when S 1 is computed in the range 4390-4500 A . Open circles refer to S 1 obtained between 4780 and 4830 A . S 2 is obtained in the wavelength range 5220-5300 A for both cases. The nucleus is placed at 0.0 km, positive ρ is sunward direction, whereas negative ρ is tailward direction. On Sept. 16 and at −6000 km, the minimum in S is due to a star trail.
two-dimensional Gaussian to the inner part of the coma. After recentering the spectra at each wavelength range at the computed optocenter, the peaks of intensity are all within a fraction of a pixel. Additionally, if another source of uncertainty arises form bad tracking of this fast comet, the reflectivity variations should be also visible in tail direction, which is definitely not the case. Figure 13 shows the continuum reflectivity slope for Sept. 13 and 16. Unfortunately, the spectrum taken on Sept. 14 could not be reliably considered for the color analysis because a background star was close to the nuclear region of the comet, although the trend of a blue region at ∼1700 km is also present.
Regardless the continuum bandpass we consider, the reflectivity of the dust is rather constant at ρ > 5000 km in Sun and tail directions, whereas at shorter projected radial distances, the reflectivity variations are noticeably important only in Sun direction (such variations are absent along the tail direction). The bluest dust is located at ∼1800 km projected radial distance on Sept. 13 and 16.
DISCUSSION
The analysis of CCD images in two different spectral ranges and of long-slit spectra of Comet Tabur have provided the morphological and compositional information on the coma of a comet that was probaly produced by splitting.
The morphological analysis of the CN images revealed a double jet, with no counterparts in the dust. The facts that the double jet is always connected to the nucleus and that its appearance is not altered by the rotation of the comet indicate that it is produced by an active region constantly irradiated by the Sun, the rotation period is longer than 5 days, or it has a spin axis orientation such that the jet is pointing toward or away from the observer, appearing to be continuous, even if it is turned on and off with a short period (integer divisor of 24 h). The temporal changes are proven from the morphological analysis, which reveals the presence of either forming or evolving shells on Sept. 14 and 15. Moreover, the Sun hemisphere presents an enhanced CN emission every day compared with the tail hemisphere. This increased emission also reaches its maximum on Sept. 14, as a consequence of either a one-time event or a rotating area periodically illuminated.
The large distortion of CN (and in a less extent C 2 ) profile is not explainable with standard steady-state models for the coma. Reaching such a fit would have required employing uncommon τ d for both species. We, consequently, adopted the same point of view as Festou et al. (1990) . The observed intensity distributions can be explained by the occurrence of rapid and periodic increases of the gas production lasting about 0.8 days. These results could be explained by rapid changes in the gas production associated with the rotation of the nucleus.
Our estimates of the gas-to-dust ratio (log(Q(C 2 )/A fρ)) of Comet Tabur listed in Table VI, when the comet was at r H ≈ 1.2, are slightly lower than those computed by Kawakita et al. (1997) (see their Fig. 2) . Moreover, the difference between the gas-to-dust mass ratio derived at r H = 1.15 AU by Kawakita et al. (1997) (∼8.5) and that derived in this work (∼4.3) can be ascribed to the uncertainty on the derivation of Q OH , which is affected by a factor or 2.
Since the only available OH production rates seem to be affected by a large margin of error of a factor of ∼2 (Turner and Smith 1999 and this work), strongly dependent on background removal and on the branching ratios assumed for water dissociation (Kawakita et al. 1997) , or not concurrent (Fulle et al. 1997) , it is unlikely that
is known better than a factor of 2, and the difference between Moreover, the gas-to-dust ratio for Comet Tabur deduced from our observation is closer to the gas-to-dust ratio for Comet Liller (Baratta et al. 1989 , A'Hearn et al. 1995 , indicating that the ratios
cannot be regarded as the only markers to consider a comet as dust-or gas-rich (as C/Liller and C/Tabur have been classified so far, respectively).
The mean CN production rate for Comet Tabur on Sept. 12-16 is 1.3 × 10 26 s −1 (see Table VI ), Turner and Smith (1999) 26 s −1 ), indicating that both comets showed a similar gas production rate. Furthermore, the differences in log(C 2 /CN) between comets-0.11 for Comet Liller (A'Hearn et al. 1995) , 0.07 and 0.0 as mean values for Comet Tabur (Turner and Smith 1999 ; and this work, respectively)-do not provide firm evidence to ascribe a distinct gas composition between Comets Liller and Tabur (note that C 2 /CN for Comet Liller is only 29% higher than that for Comet Tabur). One still unresolved question on the C 2 /CN ratio is whether the different values derived for a wide sample of studied comets is due to evolution or origin. If the evolution is due to perihelion passages, because C/Tabur is a fragment of a comet having its first solar passage, the difference in gas composition is more primordial than it is in the case of simply dynamically new comets. This difference might well reflect the initial conditions for the formation of the nuclear parent molecules. As the solar nebula models are still quite uncertain, any firm conclusion on these initial chemical conditions derived from the chemical composition of C/Tabur come are purely speculative. Turner and Smith (1999) noted an asymmetric CN column density east and west (sunward and tailward) of the photocenter on both dates they observed the comet, which could not been explained by the range of the g factor owing to radial outflow at 1 km s −1 . Our images have clearly revealed a persistent enhanced CN emission on the dayside of the comet (at least, it lasted from Sept. 12 to Sept. 20) . No further CN imaging or spectroscopy is available after those dates; therefore we cannot ascertain whether this high CN activity on the dayside of the comet remained until it started to fade in mid-October.
We have not detected any enlarged dust activity localized in the sunward hemisphere on any date. Likewise, the cones defined by the double jet do not seem to present a much higher dust content. If we assume that A fρ is a measure of the dust production, variations from Sept. 13 to Sept. 16 are about 25%, unlike for Q(CN) or for Q(C 2 ), which are more noticeable. Some of the differences between gas and dust response might be due to the residence time (or age) of gas and dust in the coma. However, it must also be noted that variations in the gas activity (outbursts and/or the presence of structures) are not always accompanied by variations in the dust, and both phenomena are sometimes noncorrelated and independent (i.e., Comet P/Halley, A 'Hearn et al. 1986 , Larson et al. 1987 , Cosmovici et al. 1988 .
For a steady-state model coma with a constant dust production and homogeneous grains expanding radially outward with constant velocity, the spatial number density should decrease as r −2 . Consequently, the projected surface brightness would decrease as ρ −1 . However, in the past various comets showed coma surface-brightness profiles that deviated from a ρ −m law (with 1 ≤ m < 1.5, m ≈ 1.5 being the limiting case where the dust tail is highly distorted by radiation pressure effects). Comets like P/Whipple, P/Giacobini-Zinner, and P/Tempel 2 showed steep brightness profiles (m > 1.5) at very large coma radii Meech 1987, Jewitt and Luu 1989) . For 10 of the 14 comets studied by Baum et al. (1992) , the azimuthally averaged brightness falls off faster than ρ −1 , more noticeably when the comet is at small heliocentric distances. They concluded that radiation pressure could not explain that discrepancy and that grains might be shrinking or darkening due to the sublimation of ices. The existence of fading grains in a cometary coma has been advocated to explain these steep brightness profiles (e.g., Luu 1989, Baum et al. 1992) . At short projected radial distances (ρ ≤ 3200 km) in Sun direction, the continuum surface brightness profiles of Comet Tabur also strongly depart from the expected istropic expansion of the dust coma.
Although the existence of fading grains in the dust coma is widely suspected, groundbased observations only provide evidence for variations in the scattering properties of grains. These are difficult to ascribe to a single physical or chemical process. In particular, spatial reflectivity variations pose a difficult problem, and the respective influence of size and composition may be difficult to disentangle. Spatial variations in the dust reflectivity have been previously reported from groundbased observations of several comets like Bowell 1980b (A'Hearn et al. 1984) , P/Halley (Jewitt and Meech 1986 , Campins et al. 1989 , Womack et al. 1994 , Hale-Bopp (Fitzsimmons and Cartwright 1996) and recently Comet Tabur (Turner and Smith 1999) . Turner and Smith, (1999) explain these reflectivity variations as the progressive destruction of water ice grains containing inclusions of magnetite or silicate. However, they do no rule out that such reflectivity variations can be due to additional effects like anisotropic ejection of grains (dust jets) and fragmentation of the grains during flight.
The reflectivity gradient in Fig. 13 is not due either to time variability in the properties of the dust ejected by the nucleus or to an anisotropic emission of grains. The brightness profiles for Sept. 12 to 20 (see Turner and Smith 1999 for data on Sept. 19 and 20) are similar, and furthermore, our investigations of the continuum images have revealed no dust structures, aside from the dust tail, on any date (see also Walker et al. 1997 for IR observations of Comet Tabur on Oct. 9).
Turner and Smith (1999) investigated whether there exists any distribution of realistic speeds and radiation pressure accelerations for which Mie-scattering grains of a single composition can be used to reproduce the dust brightness profiles in Comet Tabur. Under several simplistic assumptions (long-lived grains, steady grains ejection, isotropic distribution of radial velocities), they concluded that the shape of the flux profiles from Sept. 19 and 20 is not an effect of radiation pressure on dust grains whose size is smaller than or comparable in size to the wavelength of the scattered light (0.3-0.6 µm). Dust brightness profiles retrieved on Sept. 13, 14, and 16 behave very much like those in Fig. 5 of Turner and Smith (1999) and their conclusions can be equally applied to the case presented here.
By relaxing one or more of the assumptions made previously (grain homogeneity, long life, Mie scattering, or time-steady isotropic radial ejection), the brightness profiles and the reflectivity variations can be deciphered. An intrinsic change of the individual grains as they expand (either fragmentation or ice sublimation) can cause both phenomena displayed in Figs. 10, 11, and 13. Theoretical studies by Hanner (1981) , Mukai et al. (1986) , and Wallis et al. (1987) have shown that the lifetime of an icy grain depends critically on its temperature. Hanner (1981) lists in Table I different lifetimes as a function of size and purity of icy grains. Micrometer-sized grains of pure (water) ice have a very low absorption coefficient (or a very low temperature) and therefore a rather long lifetime. As an example, pure ice grains with a radius on the order of 1 ≤ a ≤ 5 µm vaporize in ∼5 × 10 3 -10 7 s at 1 AU. However, icy grains breaking off the nucleus quite probably contain small grains of refractory material. Only a very small admixture of absorbing material is required to drastically increase the rate of sublimation, thereby reducing the lifetime. Thus, considerably larger grains are required to achieve a lifetime of about 10 4 s if the effective absorption corresponds to n i ∼ 0.0005i. Wallis et al. (1987) also analyzed the presence of evaporating grains in P/Halley's coma. They calculated the grain temperature, and therefore the evaporation lifetime, on the basis of Mie scattering theory, for spherical grains composed of pure ice and some fractional contamination (by volume) of refractory material. Depending on the content of refractory material in the grain, the lifetime of submicrometer grains (0.1 ≤ a ≤ 0.5 µm) is not longer than 10 2 s (see Fig. 1b in Wallis et al. 1987) . On the other hand, organic ices (i.e., kerogen) of submicrometer size (∼0.3 µm) will rupture their bonds at 1.2 AU in ∼10 4 s. If dust grains are emitted isotropically over the day side of the comet and the velocity only depends on their size, the ejection velocity of the grains that are turned within projected distances of ∼1800 km (actual radial distances 2 to 3 times longer) is, at most, 0.29 km s −1 for particles in the range 0.1 ≤ a ≤ 0.5 µm, or 0.20 km s −1 for larger particles (a ≥ 1 µm). Therefore, these icy organics moving at 0.29 km s −1 will survive up to a radial distance of ∼ 3000 km from the nucleus before being considerably destroyed.
Estimates by Turner and Smith (1999) from the work by Lien (1990) are equally applicable to our results. At 1 AU, for 0.1-1 µm grains with 10% inclusions of astronomical silicate, the lifetime is ∼300 s, whereas for purer ices with 0.3% inclusions and in the same size range, the lifetime is ∼3000 s. These lifetimes are increased by a factor of ∼2 at r h ≈ 1.2 (Lien 1990 ).
Grains containing these fractions of silicate and in this size range will populate a region comprised between 180 and 4500 km before destruction. This coma region embraces the one where the dust reflectivity is bluest.
Therefore, organic grains with a ∼ 0.3 µm, or slightly larger dirty grains with ∼0.5 µm radius, which evaporate in projected distances to the nucleus of ≤3000 km, could well represent a large fraction of the dust coma of Comet Tabur, i.e., the dust particles scattering the solar radiation in the optical range.
Another likely explanation for the very steep gradients in the brightness profiles of C/1996 Q1 (Tabur) is the progressive grain fragmentation. Evidence for grain fragmentation was found from in situ measurements, and might be explained by electrostatic disruption (Boehnhard and Fechtig 1987, Simpson et al. 1987) . Assuming that the large grains are simply breaking into small ones, an increase of intensity as a function of ρ could be detectable at shorter wavelengths compared to that at longer ones. From the analysis of the different continuum bands, we do not detect an enhancement of brightness or a blue region at large distances from the nucleus as expected by an increased number of small particles. However, the nondetection of a reflectivity increase at short wavelength does not completely rule out fragmentation. The size of the bulk dust originated from the progressive fragmentation of larger dust particles might well be in the submicrometer range, thus being difficult to scatter radiation in the optical wavelength, but not in the X-rays or UV domain.
CONCLUSIONS
Broadband (B, V, R) and narrowband interference (CN and pure continuum) filters and long-slit spectra of Comet Tabur (C/1996 Q1) were taken on Sept. 12-17, 1996. The morphological analysis of the narrowband filter images has unveiled the presence of a persistent double jet in CN with no counterpart in the dust. This confirms that gas and dust variations and/or structures are not always connected and they can be quite independent processes. The same enhancement techniques applied to the B, V, R images exhibit the same double jet with the dust tail overimposed on it.
CN and C 2 column densities have been derived from the longslit spectra. The Q CN and Q C 2 production rates have been obtained by means of a time-dependent Vectorial model (Festou 1981 , Festou et al. 1990 and by means of the Haser model to be consistently compared with other published results. The profiles best resembling those observed indicate a periodical increase of CN and C 2 production rate during a certain fraction of a day before the comet was observed, with a maximum on Sept. 14 and 15. The time intervals range from 0.6 to 0.9 days. The CN steady-state production rates remain constant during the five days the comet was monitored, whereas Q 1 (C 2 ) slightly builds up. From the Haser model, the observed gas profiles are equally reproduced and both CN and C 2 production rates present a peak on Sept. 14. The dust production rate, measured by means of A fρ, increases by 30% from Sept. 13 to Sept. 14. After this date, A fρ variations are negligible. Our approximate value of the gas-to-dust mass ratio is ∼4.3, on the same order as Kawakita et al.'s and Fulle et al.' s estimates, bearing in mind the uncertainty in Q(OH). Analysis of published values of Q(CN), Q(C 2 ), Q(OH), and A fρ for Comet Liller and Comet Tabur does not provide firm evidence to ascribe a very distinct gas composition and dust content between both comets. These results might point toward a similar composition of both fragments, and therefore an homogeneous composition of the parent body.
The dust brightness profiles in the Sun direction strongly deviate from a ρ −m law (with 1 ≤ m ≤ 1.5) that would be expected for a steady-state model coma with a constant dust production rate and expanding at constant velocity. At ρ ≤ 3200 km, the brightness profiles exhibit extremely high slopes that cannot be explained by the commonly known effects on comets (e.g., geometrical dilution, radiation pressure, short-term variability). Moreover, analysis of the normalized reflectivity gradient (i.e., continuum color) as a function of ρ indicates that the physical and/or chemical characteristics of the grains change with distance.
